Photocatalytic discoloration kinetics of Reactive Black 5 (RB5), a vinylsulfone dye, has been studied spectrophotometrically by following the decrease in dye concentration with time at ambient conditions using a flow loop reactor. UV lump, Black Light Blue (BLB) emitting at maximum wavelength of 365 nm and Ahlstrom Research Service paper consistent of TiO 2 P500 coated on non woven paper was used respectively as source of UV light and photocatalyst. At natural pH, the result shows that photolysis of RB5 and its adsorption in the presence of photocatalyst was negligible while the photocatalytic oxidation (PCO) permits 30.8% of RB5 degradation. The degradation of dye was studied under a variety of conditions such as volumetric flow rate, initial pH, photocatalyst reuse, and in the presence of electron acceptor such as sodium persulphate ((Na) 2 S 2 O 8 ). The degradation rates were found to be strongly influenced by all the above parameters. The circulation flow rate of 108 L/h was the best. The rate constant calculated when the initial pH was varied shows that pH 3 was more favorable for RB5 removal. Peroxydisulphate ions have the strong effect on RB5 discoloration even in dark without and with photocatalyst. When UV light was used in the presence of photocatalyst, 50 min was enough for quasi-total removal of RB5 with 
Introduction
Textile industries continue to be attracted nowadays due to the dress sense increasingly growing of human being over the world. In West Africa countries, tannery factories and loincloth craft industries are much developed to produce textile named "basin" very valued by many people. Organics dyes are one of raw materials used and they constitute one of the larger groups of pollutants in wastewater released from these processes. Except the carcinogenic effect of azo-dyes much used, textile wastewaters powdered into the ecosystem without any treatment involves environmental problems such as esthetic pollution and perturbation of aquatic life [1] . The more complex environmental problems associated with the textile industry are that organic dyes are resistant to microbial degradation and they can be converted to the toxic or carcinogenic compounds. Biological treatment becomes so inefficient for dye removal in water [2] . Therefore, advanced oxidation methods, such as photocatalysis, have became an attractive way for textile wastewaters treatment [3, 4] . Titanium dioxide is the most popular photocatalyst with good activity under UV light or sunlight [5] .
Despite the effectiveness of the heterogeneous photocatalysis process, the operating cost for the total mineralization of hazardous organic effluents remained high due to the obligation to separate the small TiO 2 particles from the suspension after treatment [6] , limitation of light penetration when the concentration of TiO 2 increases (slurry system), reactor configuration which can maximize photocatalysis efficiency, weak activity under sunlight etc. To avoid the former situations, immobilization of catalyst has gained much attention using different methods and different inert supports. Support catalyst has advantage to be reused several times.
The aim of this study is to analyze the feasibility of discoloration of Reactive Black 5 (RB5) dye using a TiO 2 PC500 supported non-woven fibers by Ahlstrom Firm (France). Some factors that influence the dye photocatalytic removal were investigated.
Material and Methods

Catalyst
The immobilized photocatalyst used in this study was a commercial titanium dioxide photocatalyst from Ahlstrom firm (France). It consists in PC500 TiO 2 by Millennium inorganic chemicals (anatase: >99%, specific surface area 350 -400 m 2 ·g
, crystallites mean size = 5 -10 nm). Titanium dioxide PC500 was coated on nonwoven fibers (254 µm of thickness) using an aqueous dispersion of colloidal SiO 2 (EP1069950B1 European patent) as binder. A specific surface area extender (zeolite UOP, 2000 m 2 ·g
) was used to increase adsorption properties of the photocatalyst. Table 1 shows some physical and chemical characteristic of the whole paper [6] .
Before the first photocatalytic test, the paper (7.8 cm × 39.8 cm) is weighed, washed several times then dried in an oven to remove all adsorbed water. This operation is necessary to remove non bound particles which will create turbidity in solution. After drying, the lost in mass was ca. 0.136 g. Before each experiment, the paper is wash several times by distillated water. As resulting, there is a lengthening of the paper varying from 0.3 to 0.7 cm in length and in width.
The pH of zero charge of photocatalyst was monitored by introducing 0.2 g of photocatalyst in 40 mL of NaCl (0.1 M) solution at different pH 0 . Then the resulted pH was measured after one day, second day and finally third day. The pzc is identified as the pH at which ΔpH (pH fpH 0 ) is zero when plotting ΔpH versus the initial pH, pH 0 [7] . 
Dye
As a model dye compound Reactive Black 5 (RB5, purity 55%) purchased from Sigma Aldrich has been chosen. It is a water-soluble azo-dye with a molecular formula presented in Figure 1 . The maximum absorption for RB5 is 599 nm, that wavelength was used for quantitative analysis. Solutions were prepared by dissolving requisite quantity of the dye in distilled water (3 -4 µS·cm
). The pH was adjusted to a given value in the range 1 -9 by addition of concentrated H 2 SO 4 or NaOH (analytical grades) and was measured using a WTW pH 330i pH-meter.
The natural pH of 10 mg/L of the dye varies from 5.4 to 5.8 at our laboratory room temperature.
Photocatalytic Reactor
Photocatalysis experiments were performed in a flow loop reactor open to air, provided by a 310.44 cm 2 surface of thin photocatalyst layer, volume of treatment 0.9 L solution.
A UV-A Black light Blue Lamp, (15 W, and 365 nm) was used as light source under continuous flow conditions. The optical path through the solution was 1 cm, and the temperature was kept at ca. 29 -31˚C. A Masterflex I/P Model 77601-00 pump was used for solution circulation during all the experiment. The scheme of the reactor is shown in Figure 2. 
Photodegradation Procedure
The disappearance of the MO was measured using a Perkin Elmer UV/Vis spectrometer Lambda 2. All experiments were performed at room temperature and atmospheric pressure. The photocatalytic degradation experiments were carried out by loading 900 mL of dye solution in the reactor. In a typical experiment, the non woven paper coated (ca. 39.8 cm × 7.8 cm = 310.44 cm 2 ) with TiO 2 was fixed on the inner wall of the photoreactor. After adsorption equilibrium was carried out in the dark, the light was turned on to irradiate the solution and the first sample was taken (t = 0). Residual concentrations of the dye in solution at each time were determined from the calibration lines established. The decrease in concentration during a photocatalytic experiment would come from photolysis, adsorption and then photodegradation. It is important to evaluate the contribution of each phenomenon. Figure 3 presents the curves of photolysis of RB5 under UV light (365 nm), adsorption in darkness on non woven paper coated TiO 2 PC500 and the photodegradation on the same paper. After 210 min, only 1.3% of RB5 undergoes decomposition (photolysis) when only UV light was used. This result is similar to results of Kodom et al. [4] and D. Chatterjee et al. [8] indicating clearly that RB5 cannot be remove efficiently by photolysis. However, removal percentage about 13.87% was reported by Zielinska et al. in the case when UV-Visible light was used probably due to dye sensitization in visible [9] . In the presence of photocatalyst none illuminated, the maximum amount of RB5 adsorption was about 2.5% at 30 min while at 210 min, the amount adsorbed was 1.3% probably because this big molecule can be desorbed as the solution continues flowing. Kinetics curves of the photocatalytic degradation of the dye shows clearly the ability of photocatalysis of RB5 removal in comparison to photolysis and adsorption. These curves followed an apparent first-order kinetics according to Langmuir-Hinshelwood model, confirmed by the linear transforms ln(C/C 0 ) = f(t) not shown here. The rate constant of disappearance in min −1 corresponding to the slope of the later cure for RB5 photodegradation after 300 min was 12.4 × 10 −4 min.
Effect of Solution Flow Speed on the Rate of RB5 Removal
One of the problems in the immobilized photocatalysis process is the mass transport limitation because the catalyst is immobilized on a solid carrier. This limitation was overcome by complete mixing by creating sufficient turbulence in batch system [10] or by solution circulation in flow loop reactor. In the last case, the flow rate can be a determinative factor for efficiently pollutant removal. In this study, the driving force of pump used permits different flow rate through modulation of a knob. It is also important to note that this pump works by pressure on the pipe creating a vibration of the entire reactor. The effect of flow rate on RB5 photodegradation is illustrated by and 10.7 × 10 −3 min −1 respectively. The flow rate of 108 L/h is more favorable for RB5 removal. It was found that the constant k app calculated for the flow rate of 52.65 L/h was about twice lower than that for the other three flow rates, i.e. 108, 152.4 and 186 L/h. During photocatalytic oxidation, organic substrates follow the steps of diffusion, adsorption, and reaction [11] . For the highest flow rates applied, it can be supposed that mass transport towards catalyst surface was beneficial to mass diffusion; therefore the rate constant k will be less affected by the flow rate. On the other hand, when the volumetric flow rate of 52.65 L/h was used, mass diffusion was a limiting factor of the examined process. However, we observed that RB5 degradation rate decrease for the last highest flow rates (152.4 L/h and 186 L/h) in comparison to the flow rate of 108 L/h. These flow rates corresponding to solution speed in the reactor on supported photocatalyst of 14.3 ms/s and 17.2 m/s respectively combined with the strong turbulence induced by the pump, are less favorable for pollutant diffusion-adsorption-reaction than 108 L/h. If we consider the removal efficiency at 186, 152.4, and 180 L/h, these , removal efficiency of Acid Orange 7 in a tubular continuous-flow photoreactor is increased [12] . However, their volumetric flow rates are less high than the values obtained in this study. Taking account the resident time of the reactant, one can clearly say that, the volumetric flow rate of 108 L/h (solution speed: 8.6 m/s over photocatalyst) was favorable for RB5 removal. So for the rest experiment, we have used as flow rate of solution, 108 L/h.
Determination of Point of Zero Charge (PZC or pH pZC )
The oxide surfaces of TiO 2 and SiO 2 in water are amphoteric and could be positively charged, negatively charged or neutral depending on the pH of the solution. For below the pH of zero charge (pH pzc ), the oxide net surface charge is positive and above pH pzc the net surface charge is negative. Indeed, when a metal oxide is put in contact with an aqueous medium, it develops an electrical charge due to the amphoteric behavior of its surface sites, i.e., its hydroxyls groups. So it is important to know the isoelectrical point especially in heterogeneous catalysis allowing to control or explain some phenomenon bound to the variation of pH. The pH of zero charge was determined using the method described by M. Mullet et al. [7] . Figure 5 shows the variation in pH allowing the determination of pH pzc . The variations in pH are explained by the proton equilibria that occur at the surface of photocatalyst. As expected, at pH 0 values below the pzc of material, an increase in pH (ΔpH > 0) is observed. In these range of pH, the hydroxyls groups at the surface of the paper become protonated and so positively charged. On the contrary, at pH 0 values above the pzc, a decrease in pH (ΔpH < 0) is observed. In this range of pH, the hydroxyls groups be- come deprotonated and so negatively charged [7] . The pzc is identified as the pH at which ΔpH is zero. It occurs at a pH of about 5.4. This value results from four materials (non woven paper, TiO 2 PC500, SiO 2 and Zeolite). The small variation at pH 2 is due to the influence of SiO 2 which pzc is 2.5 while for TiO 2 the pzc is reported to be 6.2 [1] .
Effect of Initial pH of the Solution on the Rate of RB5 Photooxidation
According to the previous result on point of zero charge, the behavior of the material will change when pH will vary. It is well known that pH is a determinative factor that needs to be controlled in order to enhance the rate of degradation [2] . Six different pH included natural or free pH of RB5 were chosen to determined the effect of initial pH of solution on the rate of RB photooxidation. The kinetics of RB5 removal obtained at these pHs are presented in Figure 6 . Natural pH of RB5 measured at 10 mg/L varies from 5.4 to 5.8 probably due to the influence of laboratory atmosphere. Figure 6 shows clearly the pH dependence of RB5 photodegradation in the range of 1 to 9. The photodegradation rate was better in acid medium. However, decolorization of RB5 was the fastest at pH 3 than pH 2 and pH 1. Nevertheless, the adsorption rate was higher in the latter pHs showing that silica (pH pzc = 2.5 [1] ) as a binder perturbs activity in acidic medium. pH may affect photocatalytic oxidation (PCO) in a number of ways [13] .
First, the charge of the dye molecules with ionizable functional groups and the surface of the TiO 2 catalyst are both pH dependent. pH changes can thus influence the adsorption of dye molecules onto the catalyst surfaces, an important step for PCO to take place. The phenomenon explains well the increase in rate of RB5 removal in acid medium since RB5 is an acid (anionic) dye which adsorption is strong. Indeed, in acid media, TiO 2 surface is positively charged and thus electrostatic attraction be- tween sulfonic moiety of the azo dye and positive charges of the oxide is increased.
For the second view, HO  can be formed by the reaction between hydroxide ion and positive hole in valence band (h + VB ) according to Equation 3 . An alkaline condition would thus favor HO  formation and enhance degradation. However, we observe that the rate of RB5 degradation was not positively affected in alkaline media and the peuso-first order constant decreases when pH increases (Figure 7) . In Alkaline condition, there is repulsion between RB5 and TiO 2 avoiding adsorption step.
Third, the TiO 2 particles tend to agglomerate under acidic condition and the surface area available for dye adsorption and photon absorption would be reduced [14] . This behavior would explain the decrease in rate when pH varies from 2 to 1. Moreover, the adsorption at these pHs was important probably because of the presence of SiO 2, as binder with a point of zero charge around 2.5. This study shows that the photocatalytic process occurs mainly on the photocatalyst surface (direct photocatalysis), and not in the bulk solution (indirect photocatalysis), thus adsorption of substrates is essential for their photocatalytic degradation [15] .
Reuse of the Photocatalyst during RB5 Photodegradation
The possibility of reusing the photocatalyst was examined to determine the cost effectiveness of the method. Successive tests of the photocatalytic degradation of Reactive Black 5 using the same photocatalyst were performed. The regeneration of the catalyst can be done in a very simple way. After the degradation, the photocatalyst was then thoroughly washed with distilled water and reused for degradation with a fresh lot of dye solution.
The experimental results of eleven successive experiences interrupted by photocatalyst washing are shown in Figure 8 . An increase of photocatalytic efficiency was observed from the first experiment until eighth (8 th ) experiment and then a slight loss of efficient was observed. The evolution of the apparent first order constant is represented in Figure 9 .
One can clearly see that a strong and gradual increase of efficiency occurs form beginning to eighth test. The apparent first order constant was increased 6.6 times at 8 th test in comparison to the first test. The monitoring of adsorption during 30 min in darkness indicated that the amount adsorbed at successive experiment increases in the same direction as photocatalytic oxidation rate (Table 2).
Indeed, when the photocatalytic was wetted with water, there was an elongation of the paper about 3.6% in length and 2.5% in width explaining the increase of adsorption and then photoactivity.
On the other hand, the amorphous silica used as binder would have an important influence on the photoactivity of TiO 2 P500. In fact, F. Thevenet et al. [16] noticed, in their study done in gas phase, that the inhibitor effect of SiO 2 is not to be neglected taking care about efficiency. In liquid phase as in present work, repetitive use coupled with intermediate washing could cause silica detachment. TiO 2 particles are then denuded leading to an increase of photoactivity. However, there is a limitation consistent of layer saturation with byproducts which could be removed by washing the paper in acid solution. This result shows that the photocatalyst can be used several times. However, it is necessary to take care of the manipulation of the paper to avoid all liberation of the powder.
Effect of Addition Peroxydisulphate Ions
Upon irradiation of TiO 2 , electrons on the surface of the semiconductor are produced at the conduction band, and positive holes are formed in the valance band. The electrons and holes can either recombine and produce thermal energy, or interact with other molecules. The holes may react either with electron donors in the electrolyte or with hydroxide ion to produce powerful oxidizing species such as hydroxyl radicals, which oxidize organic compounds on the surface [17] . According to this, the relevant reactions at the semiconductor surface causing the degradation of dyes can be expressed as follows:
TiO h TiO h e Figure 10 . Figure 10 shows that peroxydisulphate has a strong effect on the rate of RB5 oxidation. We remark that the solution faded even in dark and without TiO 2 showing that these ions are able to oxidize RB5 themselves. V. Augugliaro et al. have reported this behavior on Methyl Orange photodegradation using TiO 2 P25 in slurry form. However, it was found that there was no mineralization in these conditions when total organic carbon was monitored. Due to this behavior, experiments were conducted in the presence of Table 3 .
As the initial concentrations of increases, the effect on the rate of RB5 abatement increases in every condition. These result compared to the case of absence of show that RB5 disappearance was very fast, although is showed to be more significant in respect to that of corresponding heterogeneous systems: Without possibility to monitor TOC measurement due to the lake of TOC analyzer, we have measured quickly the absorbance at different wavelength when the solution was rose at 20 min in two cases (Figure 11) .
These absorbencies lower than the absorbance of RB5 at initial concentration of 10 mg/L (0.395 -0.4 a.u), show clearly the disappearance of Reactive Black 5. The by products absorb very weakly in the range of wave lengths studied (Visible). This shows that these byproducts, certainly still organic in nature, are derived from the cleavage of azo bonds, because the cleavage of -N=N-bonds leads to the decolorization of dyes [18] . In darkness 
The additional production of hydroxyl radicals under illumination would lead to the best activity in these conditions.
Conclusion
The results of our study showed that TiO 2 PC500 coated on non woven paper illuminated with UV light could be efficiently used to degrade the Reactive Black 5 (RB5). Photodegradation efficiency of dye was neglected when photolysis was carried out in the absence of TiO 2 and small in the absence of the UV light. The kinetic curves of the photocatalytic degradation follow a pseudo-first kinetics order with respect to dye concentration. The results indicated that the degree of degradation of RB5 was obviously affected by volumetric flow rate, step of the reuse, pH, and addition of as electron scavenger. The high rate constant, k app , was obtained with volumetric flow rate of 108 L/h. This flow permits the best adsorption-diffusion-reaction process in flow loop reactor used in this work. Successive experiments of RB5 removal at natural pH with the same paper show the gain in photocatalytic efficiency until height use follows by loss of efficiency probably due to saturation of the paper by byproducts. However, the use of TiO 2 coated on Ahlstrom non-woven fibers could be a promising method as it can avoid the tedious final filtration of Titania in slurries and permit the photocatalyst recycling. The zero point charge determined was about 5.4. Hence, at more acidic pH values, the particle surface is positively charged, while at pH values above 5.4, it is negatively charged. In this study, it has been shown that the degradation rate for the model compound under investigation is strongly influenced by the reaction pH, where the efficiency of degradation rate for the decomposition of the dye was better at pH 3, whereas it was lower in alkaline media. The persulphate ions can efficiently oxidize the dye in the absence of TiO 2 and ligh. Under illumination, the efficiency was maximized due to additional production of hydroxyl radicals further to peroxydisulphate reaction with photogenerated electron in conducting band of TiO 2 . These results suggest that photocatalysis may be envisaged as a method for the treatment of diluted colored wastewaters, in particular, in textile industries or loincloth factories in West-Africa countries. 
